ABSTRACT: A novel biosorbent was synthesized by grafting bisthiourea (BTU) on a silk sericin (SS) matrix. This biosorbent was denoted as BTU-SS and characterized by Fourier transform infrared spectroscopy (FTIR), zeta potential measurements, elemental analysis, and X-ray photoelectron spectroscopy (XPS). As revealed by the adsorption experiments, both BTU-SS and SS showed low affinity towards coexisting base metallic ions in Ag(I)-Cu(II)-Zn(II)-Ni(II)-Pb(II) electronic waste leachate mixtures, while their adsorption capacities towards Ag(I) reached 30.5 and 10.4 mg•g -1 at a pH of 5.0, respectively. BTU-SS showed higher selectivity towards Ag(I) than SS, as revealed by the Ag(I) partition coefficients between the biosorbents and the leachate (16634.6 and 403.3, respectively). As further demonstrated by column experiments, BTU-SS allowed the separation of Ag(I) from an electronic waste leachate. Thermodynamic studies showed that the adsorption of Ag(I) was exothermic and spontaneous, while adsorption kinetic experiments revealed that chemisorption dominated the adsorption process with activation energies of 47.67 and 53.27 kJ•mol -1 for BTU-SS and SS, respectively. FTIR and XPS analyses of fresh and Ag(I)-loaded BTU-SS further revealed an adsorption mechanism mainly involving electrostatic and coordination interactions.
INTRODUCTION
Sericin, one of the protein components of silk, is usually generated from silkworm [1] . Silk sericin (SS) encircles the fibroin in silk fibers and is generally removed during fiber processing into fabrics. The world annual production of cocoon silk is reported to surpass 1 million tons, from which approximately 50,000 tons of SS are waste discharged without further utilization [2] . A proper utilization of SS would undoubtedly benefit the silk industry while mitigating the noticeable eutrophication of the environment. Fortunately, several approaches have been developed to recover and utilize SS as a useful resource in the fields of polymer materials [3] [4] [5] , cosmetics [6, 7] , and biomedical applications with various purposes [8] [9] [10] [11] . SS is reported to possess large amounts of functional groups (e.g., amino, carbonyl and carboxyl) which can play active roles in binding and adsorbing metallic ions [12] , thereby allowing SS to be theoretically used as a biosorbent. However, the utilization of SS as a biosorbent of metallic ions from aqueous solutions has scarcely been studied in the literature. Kwak et al. [13] reported that over 70% of a Cr(VI) contaminant could be removed on SS. Chen et al. [12] reported on the selective biosorption of SS towards precious metals. Thus, SS exhibited higher selectivity towards Au(III) in a multi-component system and poor selectivity towards Ag(I) in an Ag(I)-Cu(II) binary system.
Compared with traditional pyro-and hydrometallurgy methods, biosorption is well recognized as a promising technology allowing the economical and eco-friendly recovery of precious metals [14] . Currently, the research on biosorption of precious metals is mainly focused on gold and platinum metals [12, [15] [16] [17] , and most of these efforts only reported adsorption capacities and rarely discussed the selectivity of the biosorbents [12, 18] . Since Ag is the most widely used precious metal and one important component of electronic waste (e-waste) leachates and various industrial effluents, Ag biosorption, particularly Ag selective adsorption, should receive more attention Scrivener First [19] as a crucial separation and recovery technology. In this sense, we decided to study the selective recovery of Ag on SS and its bisthiourea (BTU)-modified derivative (BTU-SS) from an e-waste leachate containing Ag, Cu, Ni, Pb, and Zn. This e-waste recycling approach allowed the recovery of precious metals by using recycled materials, which is important from the viewpoint of sustainability since it substantially reduces the consumption of virgin materials and energy [20] .
Although SS suffers from relatively poor selectivity towards Ag(I) [12] , this can be overcome by grafting new functional groups onto the SS matrix. As reported by relevant studies [21] [22] [23] , adsorbents modified with functional groups containing N and S atoms showed excellent adsorption capacities and selectivity towards precious metals. According to the Pearson's HardSoft-Acid-Base (HSAB) principle, Ag(I) is a soft acid and thus the incorporation of soft ligand atoms (e.g., N and S) into the SS matrix would remarkably increase the selectivity towards Ag ions via preferential coordination of Ag(I) with the lone pair electrons of N and S atoms. In the present study, the SS matrix was first crosslinked with epichlorohydrin on its active amino groups, and BTU functional groups containing N and S were subsequently introduced on the surface of the crosslinked matrix by chemical modification. Thus, the modified BTU-SS biosorbent was provided with selective adsorption characteristics towards Ag.
This work examined the behavior of SS and BTU-SS during the adsorption of Ag(I) from aqueous solutions. The adsorption thermodynamic parameters were calculated to evaluate the thermodynamic feasibility and spontaneity of the adsorption process, and the adsorption kinetics and biosorption mechanisms on BTU-SS were also investigated. A continuous column test was also carried out to evaluate the suitability of BTU-SS for the selective recovery of Ag(I) from an e-waste leachate.
EXPERIMENTAL
All the chemical reagents used in the experiments were analytical grade (Sinopharm Chemical Reagent Shaanxi Co. Ltd.) and used without further purification. Silk worm was kindly donated by a local farmer and the e-waste used for the preparation of the leachate was obtained from a local waste recycling station. Silver nitrate was used for the single Ag(I) adsorption experiments and 0.01 M HCl was used to titrate the amino end-groups on SS with methyl red (0.4 g•L -1 ) as an indicator. Diluted nitric acid and sodium hydroxide solutions were added to adjust the pH of the solutions. Other reagents used in the experiments included epichlorohydrin, methanol, sodium carbonate, 2,5-dithiourea, and N,N-dimethylformamide.
SS Extraction and Modification
The SS used in this study was extracted from washed clean silk worm with a 2% sodium carbonate solution at a liquor ratio of 40:1. The solution was heated to boil for 1 h, the residues filtered, and the filtrate collected. The procedure was repeated to boil the residue, and the resultant filtrate was mixed with that previously collected. The filtrate was condensed and desiccated in a convection oven at 338 K for 24 h. Finally, the dried SS product was crushed and stored for further use. Sericin contains both random coil and less-soluble β-sheet structures, with the former being transformed into the latter upon heating and cooling processes [24] . The solubility of the extracted SS in water decreased progressively upon repeated boilings, and this was undoubtedly beneficial for the adsorption process.
As reported by Chen et al. [12] , SS is rich in alkyl, carboxyl, carbonyl, and amino groups. However, in the absence of an amino-protecting group, ligands are likely to be immobilized on the amino groups via crosslinking because of the higher reactivity of these functionalities as compared to the rest of functional groups generated on SS upon the modification process. Scheme 1 illustrates the possible routes for the modification of SS via grafting of BTU functional groups in the presence of an epichlorohydrin crosslinker. The details of this process are provided below.
First, 4.0 g of SS powder were loaded into a 100 mL three-necked round-bottom flask and 60 mL of Scheme 1 Synthesis route for BTU-SS. Proposed structure of BTU-SS is depicted, where SS stands for the matrix of silk sericin. deionized water were subsequently added to allow swelling for 2 h. The pH was adjusted to 11.0 with a 0.10 M NaOH solution and the resultant solution was heated to 323 K. Then, 10.0 mL of epichlorohydrin were slowly added to initiate reaction. The mixture was maintained under continuous stirring for 12 h, and the solid was filtrated and washed first with methanol (to remove the excess epichlorohydrin) and then washed with deionized water until the filtrate became neutral. The solid was dried in a convection oven overnight at 333 K to yield the intermediate; then 2.4 g of the intermediate were loaded into a three-necked flask, and 0.6 g of Na 2 CO 3 , 1.4 g of BTU powder, and 30 mL of dimethylformamide (DMF) were separately added and the mixture heated to 333 K under continuous stirring for 10 h. The resulting BTU-SS product was filtered, successively washed with deionized water until neutral pH of the filtrate, and dried in a convection oven at 333 K for 24 h. Finally, the dried product BTU-SS was crushed and stored in a bottle for further use.
Characterization of the Biosorbents
The chemical properties of the biosorbents were characterized by Fourier transform infrared spectroscopy (FTIR, Shimadzu IRPrestige-21, KBr disk technique). For convenience, the spectra of the samples were displayed in the transmittance mode. The surface charge was measured on a zeta potentiometer (Malvern ZEN1590) by using eight SS suspensions with varying pH values (1.0-8.0). Each SS suspension was prepared by dispersing 50 mg of the powder sample in 30 mL of deionized water, and 5% nitric acid and diluted sodium hydroxide solutions were subsequently added to adjust the pH of the solutions. Then, 10 mL of the suspensions were loaded into the sample cell, and zeta potential of the modified derivative BTU-SS at different pH values was measured likewise. The elemental composition (i.e., C, H, N, and S) of the biosorbents was determined by elemental analysis (Elementar Vario EL III), while the specific surface area and pore volume were determined by nitrogen physisorption (Micromeritics ASAP 2460). In order to evaluate the amount of functional groups available for modification, titration of amino end-groups on SS was carried out. First, 2.0 g of SS were dissolved in 100 mL of boiling deionized water and cooled down to room temperature, and then 25 mL of the SS solution (20 g•L -1 ) were measured and titrated with 0.01 M HCl in a 100 mL conical flask with methyl red (0.4g•L -1 ) as an indicator and deionized water as a blank. The total organic carbon (TOC) content was analyzed on a TOC analyzer (Elementar Vario TOC cube analyzer). Surface analyses of the fresh and spent biosorbents were carried out by X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha) using a monochromatic Al X-ray source (1486.6 eV) at 350 W (14 kV; 25 mA) and a vacuum of 1 × 10 -8 Torr operating in the constant analyzer energy (CAE) mode. The powder sample was slightly dusted on adhesive tape and carefully mounted for analysis. A low-energy electron flood gun was used to compensate the XPS-induced surface charging effects. The data were plotted with respect to the binding energy, which was referenced to the C1s line (284.6 eV) corresponding to adventitious carbon. The curve deconvolution of the obtained spectra was performed with the XPS peak fitting program.
Adsorption and Separation Experiments
Batch single and multi-metallic adsorption experiments were carried out at room temperature (298 ± 2 K) in a shaker bath using 0.14 g of either SS or BTU-SS with 40 mL of aqueous solutions. Both the initial and final metallic ion concentrations in solution before and after adsorption were analyzed on an atomic absorption spectrophotometer (Thermo Scientific S SERIES AA) previously calibrated with standard solutions before each set of analyses. The TOC was measured to determine the amount of soluble organic carbons in solution. The adsorption capacity, q e (mg•g The percent removal h (%) of the metallic ions (Eq. 2) was determined from the atomic absorption spectrophotometer analyses as follows:
Continuous Column Tests
Continuous column tests were carried out using a small glass column with a height of 26.0 cm and an internal diameter of 0.8 cm. These tests were carried out to evaluate the suitability of BTU-SS for the selective adsorption of Ag(I) from an e-waste leachate in the presence of coexisting metallic ions at higher concentrations. In a typical experiment, 0.4 g of BTU-SS were dipped into deionized water for a few hours before being packed in the glass column. The packed bed was first fitted with deionized water for 2 h and followed by diluted HNO 3 (pH = 3.0) for 10 h. The leachate at pH = 3.0 containing certain concentrations of Cu(II), Ni(II), Pb(II), Zn(II), and Ag(I) was penetrated upward through the packed bed at a constant flow rate of 5.0 cm 3 h −1 using a peristaltic pump (BT100S, Baoding Leifu, China). The effluent was periodically sampled on a fraction collector (SBS-100, Shanghai Huxi, China) and analyzed at hourly intervals to determine the residues of various metallic ions in the effluent with the atomic absorption spectrophotometer. The volume of BTU-SS used herein was 0.5 cm 3 , and the liquid hourly space velocity (LHSV) was 10.0 h
Once the loaded Ag(I) was saturated, the BTU-SS packed bed was first washed with deionized water, and the adsorbed metallic ions were eluted with an acidic solution of thiourea (1.0 M thiourea in 1.0 M HNO 3 ) with an elution rate of 10 cm 3 h −1 using the peristaltic pump indicated above. The eluted solution was also periodically sampled and analyzed at hourly intervals, and the metallic ion concentrations in the eluted solution were likewise analyzed. After the elution of the adsorbed metals, the BTU-SS material was regenerated and used for the next cycle.
In the case of the samples, the experiments were performed in triplicate. For each set of data analyzed, the mean values and standard errors were determined and used to show the error bars in the figures. Figure 1 shows the infrared spectra of SS and BTU-SS. The peaks at ca. 2937 and 3440 cm -1 were attributed to the N-H stretching vibration of amides A and B, respectively, while the peak at ca. 1650 cm -1 was ascribed to amide I and believed to originate from the stretching vibrations of C=O. The peak at 1533 cm -1 was produced by the in-plane N-H bending of amide II. The above-mentioned peak positions were in agreement with those reported by Gulrajani et al. [25] . The peaks at 1400, 1242, 1071, and 1078 cm -1 were assigned to the C-N stretching vibration, the N-H bending, and the combination of C=S and C-OH stretching vibration bands, respectively. The broad absorption band in the range of 3446-3288 cm -1 arose from the O-H and N-H stretching vibrations.
RESULTS AND DISCUSSION

Biosorbent Characterization
FTIR Spectra of SS and BTU-SS
After the BTU grafting process, significant changes were observed in the FTIR spectra. The peak at 1551 cm −1 was attributed to the stretching vibration of the N-C-N bond. The weak peak at 669 cm −1 was ascribed to the stretching vibration of N-C=S, while the peak at 1462 cm −1 was attributed to the C=S band of thioamide [26] , thereby revealing the presence of C=S groups in the structure of BTU-SS.
The spectroscopic analyses showed that both biosorbents were rich in carboxyl, carbonyl, hydroxyl, sulphonyl, and amino groups. These structural characteristics of SS and its BTU-SS derivative make them suitable for adsorbing precious metals via complexation. Figure 2 displays the zeta potential for SS and its modified BTU-SS derivative. In line with previous results [12, 27] , SS showed an isoelectric point of ca. 3.7. Sericin has a positively charged surface at low pH values since its acidic condition favors the protonation of the surface amino groups. At pH values higher than 3.7, sericin has a negatively charged surface as a result of the deprotonation of the carboxyl groups. BTU-SS showed a somewhat lower isoelectric point (ca. 3.0) as compared to SS, and this result indicated that the modified sample possessed a wider pH range for the adsorption of cations (i.e., a negatively charged surface in solution for pH values higher than 3.0).
Zeta Potential Measurements of SS and BTU-SS
Elemental Analysis
The IR spectra provided qualitative information on the immobilization of functional groups over the surface of SS. This information (i.e., the degree of functional groups grafted on the surface of BTU-SS) was quantitatively corroborated via elemental analysis. The elemental compositions of SS and BTU-SS are presented in Table 1 . Titration results corresponding to the amino end-groups on SS are also listed in Table 1 .
As shown in Table 1 , BTU-SS showed significantly higher S and N contents than SS, thereby confirming the successful grafting of S-and N-containing functional groups on the surface of SS. Also, among the total N-containing groups, ca. 3.1% corresponded to amino end-groups. As soft ligand sites, the immobilized S and N atoms are anticipated to play a key role in binding soft Ag(I) species.
Brunauer-Emmett-Teller (BET) Surface Area and TOC Analysis
In line with the results reported by Chen et al. [12] , nitrogen physisorption results revealed BTU-SS to be nonporous (BET surface area of merely 0.24 m²•g , respectively. Thus, the TOC value of BTU-SS decreased by ca. 94% after the chemical modification of SS, which was also effective in decreasing the solubility of the modified sample.
Adsorption Behavior of SS and BTU-SS towards Ag(I) in a SingleComponent Solution
In order to obtain the optimal conditions for the biosorption of Ag ions, the effects of different variables on the biosorption process were evaluated. The main variables studied were contact time, biosorbent dose, solution pH, and temperature. The experiments were performed at ambient temperature (300 K) unless otherwise specified.
Effect of the Contact Time
The effect of the contact time was analyzed at an initial Ag(I) concentration of 108.0 mg•L -1 with a biosorbent dose of 3.5 g•L -1 at pH = 5.0, and the results are shown in Figure 3 . The amount of adsorbed Ag(I) first increased dramatically (0-2 h) and then slowly (2-15 h) before leveling off around the equilibrium value. The rapid Ag(I) adsorption during the initial stage was probably caused by the availability of abundant adsorption vacant active sites on the surface. After that period, adsorption on the remaining vacant sites was gradually hindered as a result of the repulsive forces between the Ag ions on the biosorbent and the bulk phases [28] . The adsorption percentages at equilibrium for SS and BTU-SS towards Ag(I) were 58.5 and 98.3%, respectively, corresponding to adsorption capacities of 18.0 and 30.3 mg•g -1 . Thus, the adsorption properties of the chemically modified BTU-SS biosorbent were greatly improved. BTU-SS exhibited a fairly good adsorption capacity towards can be explained by the lack of solute available to completely occupy the available exchangeable sites on the biosorbent at high biosorbent doses, thereby leading to poor solute biosorption [31] . In addition, as reported by Gadd et al. [32] , competitive adsorption and mutual interference between binding sites at high biosorbent doses can also result in lower adsorption capacities for the biosorbents, in line with the results reported by Esposito et al. [33] and Song et al. [34] for other adsorption systems. Thus, to efficiently and economically utilize the biosorbents, both the adsorption percentage and the adsorption capacity must be taken into account. The SS and BTU-SS doses used herein for the batch experiments (3.5 g•L -1 ) achieved both optimum adsorption percentage and capacity values. Also, as clearly shown in Figure 4 , BTU-SS showed superior adsorption capacity to that of SS.
Effect of the Solution pH
The solution pH is one of the most important parameters influencing the metal species in solution [35] and could affect both the dissociation state of the binding site and the solution chemistry of the metal adsorbed in terms of hydrolysis, coordination, and redox potentials [36] . Figure 5 shows the adsorption of Ag(I) on SS and BTU-SS at varying pH values. The results showed that the adsorption capacity of both biosorbents towards Ag(I) increased with the solution pH, in line with the zeta potential results (Figure 2) . Thus, the zeta potential measurements of SS and BTU-SS revealed that both biosorbents contained positively charged surface groups at pH values lower than 3.0 as a result of the protonation of surface functional moieties. Thus, the adsorption of positively charged Ag ions was inhibited at low pH values. In contrast, at higher pH values, the presence of negatively charged Ag(I) as compared with the limited literature reports available (i.e., maximum adsorption capacities towards Ag(I)) on fungi Cladosporium cladosporioides Strain 1 [29] 
Effect of the Biosorbent Dose
The dose of biosorbent has a great effect on the biosorption process. The effect of the biosorbent dose on the adsorption percentage and the capacity towards Ag(I) is shown in Figure 4 . The adsorption percentage increased with the amount of biosorbent added. Thus, higher doses are equivalent to an increase in the surface area, which in turn increases the number of binding sites. However, on the other hand, the adsorption capacity (i.e., the amount of adsorbed solute per unit mass of biosorbent) decreased with the biosorbent dose. This result 
Ag Separation from a Multicomponent E-Waste Leachate
As described in Section 2.3, the biosorbents were further tested for the separation of Ag(I) from a fivecomponent (Ag(I)-Cu(II)-Zn(II)-Ni(II)-Pb(II)) e-waste leachate. As can be seen in Table 2 , although the adsorption percentages of the coexisting metallic base cations on both SS and BTU-SS were relatively low in the five-component solution, SS exhibited poor selectivity towards Ag(I), in line with previous results [12] . In contrast, BTU-SS exhibited superior selectivity towards Ag ( ) at similar conditions, and this value was nearly that obtained in the single Ag(I) system at comparable concentrations. Thus, Ag(I) could be selectively separated from the coexisting base metal ions using BTU-SS.
The larger affinity of BTU-SS towards Ag(I) versus other cations allowed a selective Ag(I) biosorption process in multi-component leachates and its separation from e-waste leachates. As mentioned above, Ag(I) is a soft acid according to the Pearson's HSAB principle, and the functional moieties of BTU-SS are rich in soft base species, thereby explaining the superior selectivity towards Ag(I) of BTU-SS.
Adsorption Kinetics
To investigate the biosorption mechanism of Ag(I) onto SS and BTU-SS, adsorption kinetic studies surface groups on the biosorbents was beneficial to adsorb positively charged Ag ions via charge interactions. However, with the aim of preventing the precipitation of Ag(I), pH values above 5.0 should be avoided. Figure 6 shows the adsorption of Ag(I) on the biosorbents at different temperatures (298-328 K). The adsorption percentages decreased with increasing temperature for both SS and BTU-SS, thereby indicating that the adsorption process was exothermic. However, this decrease was not significant (from 58.5 to 50.7% for SS and from 98.3 to 91.3% for BTU-SS upon increasing temperature from 298 to 328 K, respectively), thereby allowing the biosorption to be carried out at ambient temperature. were conducted to understand the kinetic behavior of biosorbents towards Ag ions at different temperatures. As shown in Figure 7 , within the first 2 h, both SS and BTU-SS showed very high Ag(I) adsorption rates. These rates increased less pronouncedly thereafter (2-15 h) before leveling off at ca. 15 h. Comparably, BTU-SS clearly showed superior adsorption performance to that of SS at the same temperature.
Effect of the Temperature
The adsorption kinetics of the Ag(I) uptake process over SS and BTU-SS were studied by applying widely used kinetic models such as the Lagergren pseudofirst-order [37] and the pseudo-second-order [38] .
The where k 1 (h -1 ) is the rate constant for the pseudo-firstorder adsorption, and q e and q t (mg g -1 ) are the adsorption capacities at equilibrium and at time t (h), respectively. k 1 , q e , and the correlation coefficient R 2 could be calculated by using the slope and intercept from the lg(q e -q t ) versus t plots (figure not shown because of poor linearity).
The pseudo-second-order kinetic equation is probably the most frequently used kinetic model describing the adsorption kinetics at solid/solution interfaces. This model assumes the presence of chemisorption phenomena involving valence forces (e.g., ion exchange and sharing or exchange of electrons) between the adsorbent and the metal ions adsorbed [38] [39] [40] [41] . ) are the adsorption capacities at the equilibrium and time t (h), and k 2 (g•mg -1 •h -1 ) is the rate constant of the pseudo-second-order adsorption process. k 2 , q e , and the correlation coefficients R 2 were calculated from the linear plots of t/q t versus t (as shown in Figure 8) .
The linear fitted results and the obtained kinetic parameters are summarized in Table 3 . The R 2 values suggested that the pseudo-second-order model was more suitable than the pseudo-first-order model for describing the adsorption kinetics of Ag(I) on both SS and BTU-SS, and the adsorption capacities predicted by this model were well matched with those obtained experimentally. Figure 8 shows the fitting of the pseudo-second-order kinetics for the biosorbents SS and BTU-SS. It could be concluded that the adsorption of Ag(I) on SS and BTU-SS followed a pseudo-second-order kinetic, which implies that the adsorption mainly involved chemisorption phenomena (i.e., share of electrons between the ligand atoms on the biosorbent and the adsorbed Ag(I) to form complexes).
The relationship between the pseudo-second-order rate constant k 2 and the temperature may be described by the Arrhenius equation (Eq. 5):
where A (g•mg
) is the temperature-independent factor, E a (kJ•mol -1 ) is the activation energy for the biosorption process, R is the gas constant ), and T (K) is the absolute temperature. E a could be calculated from the slope (−E a /R) of the ln k versus 1/T linear plot ( Figure 9 ).
The magnitude of E a may provide an indication of the type of adsorption process involved (i.e., physisorption or chemisorption). Thus, an E a value higher than 40 kJ•mol −1 is generally associated with a chemisorptive process [42] . The calculated E a values (Table 3) for SS and BTU-SS were 53.27 and 47.67 kJ•mol -1 , respectively; thereby confirming the chemisorptive nature of the biosorption of Ag(I) over SS and BTU-SS.
Thermodynamic Parameters of the Biosorption Process
To prove the effectiveness of SS and BTU-SS for the adsorption of Ag(I), a thermodynamic study was performed by calculating the Gibbs free energy change (∆G Θ ), the enthalpy change (∆H Θ ), and the entropy change (∆S Θ ) of the biosorption process. This study allowed evaluation of the thermodynamic feasibility and spontaneity of the adsorption process.
The adsorption process of Ag(I) on the biosorbents can be simplified by the following reversible process which represents a heterogeneous equilibrium:
The apparent equilibrium constant (K d ) of the biosorption system is actually the partition coefficient of the solute between the solid and aqueous phases. This physical quantity, whose dimension is 1, could be defined by Equation 6 [43] : 
Theoretically, the activity should be used in replacement of the concentration term of Equation 6 to obtain K D Θ via the infinite dilution value of K d , which can be obtained by calculating K d at different initial concentrations of Ag(I) and extrapolating to zero. However, for diluted solutions, the utilization of concentration instead of activity would not lead to a significant error. Herein, C o was as low as 108.0 mg•L -1 , and letting alone C e and taking K d as K D Θ would be a satisfactory approximation.
K D Θ could be expressed as a function of temperature by the van 't Hoff equation (Eq. 8): Table 4 presents the thermodynamic parameters. The negative ∆G Θ values at all the experimental temperatures indicated that the biosorption of Ag(I) was spontaneous. The negative values of ∆H Θ suggested the exothermic nature of the process. ∆S Θ of the adsorption process depends upon two counteracting effects. On one hand, the diffusion of Ag(I) from the bulk solution to the biosorbent surface would increase the order of the system (i.e., lower entropy values). On the other hand, the surface of the biosorbents underwent some structural changes during the adsorption process (i.e., some water molecules adsorbed on the surface were replaced by the silver ions). In this process, the translational entropy gained by the released water molecules surpasses that lost by the adsorbed silver ions, thus increasing the randomness of the system [44] . If the former effect dominates the adsorption process, ∆S Θ would be negative, thereby suggesting an decrease in the randomness at the solid/solution interface during the biosorption process (adsorption of Ag(I) on BTU-SS is the right example for such a case). However, if the latter effect making the entropy of the system increase prevails over the former effect (leading to lower entropy values), ∆S Θ would be positive and the randomness at the solid/solution interface would increase during the biosorption process (adsorption of Ag(I) on SS is the right example for such a case).
Continuous Column Adsorption and Elution Experiments
The batch adsorption experiments revealed that BTU-SS has a noticeable selectivity towards Ag ions in the presence of coexisting base metallic ions in an acidic e-waste leachate. The feasibility of BTU-SS to selectively separate and recover Ag(I) from an e-waste leachate was evaluated by performing continuous column mode experiments followed by elution. Breakthrough curves intuitively reflect the adsorption relationship between mobile and stationary phases in a column adsorption process. These curves also serve as the basis for the operation and control of adsorption processes at industrial scale. Figure 11a displays the breakthrough curves for the various metallic ions under investigation over a BTU-SS-packed column. Rapid breakthroughs were observed for Cu(II), Ni(II), Zn(II), and Pb(III) ions, thereby indicating that these coexisting metallic ions passed through the packed bed quickly without being adsorbed on BTU-SS. Unlike these coexisting metals, a zigzag breakthrough curve was obtained for Ag(I), which was indicative of a breakthrough adsorption (C t /C 0 = 0.1) on the BTU-SS-packed bed, with breakthrough occurring at 130 bed volumes (BV, equivalent to 13 h) and saturation being reached at 260 BV (26 h). These results indicated that BTU-SS has a strong affinity towards Ag(I) which, in turn, facilitates the separation of Ag(I) from the coexisting base metals under continuous operation. The adsorption capacity towards Ag(I), calculated from the breakthrough curves, was lower (22.5 mg•g be mainly ascribed to a synergistic effect caused by: (i) the competitive adsorption of the various metallic ions; (ii) the lack of time for metallic ions to contact with the biosorbent; and (iii) the channeling flow of the feed solution [12, [15] [16] [17] .
Once the amount of Ag(I) adsorbed reached the saturation point, the BTU-SS-packed bed was eluted with a 1.0 M thiourea solution in 1.0 M HNO 3 to recover the adsorbed Ag(I) (Figure 11b ). Ag(I) was eluted within 2 h with a preconcentration factor of 4.9, and 92.2% of the adsorbed Ag(I) was eluted within 8 h, thereby suggesting that the elution process was quite efficient.
Regeneration and Reusability Tests of BTU-SS
The reusability and stability properties of BTU-SS were assessed by performing successive adsorption/elution cycles in a continuous column mode. As described in Section 2.4, the e-waste leachate passed through the BTU-SS-packed column until the amount of adsorbed Ag(I) reached the saturation point. The Ag ions adsorbed on BTU-SS were subsequently eluted with a 1.0 M thiourea solution in 1.0 M HNO 3 to regenerate the biosorbent. The regenerated BTU-SS material was subsequently fitted with diluted HNO 3 (pH = 3.0) for 2 h prior to the next adsorption cycle. This process was repeated four times to perform consecutive adsorption/elution cycles, and the results are illustrated in Figure 12 . BTU-SS showed superior durability and good adsorption characteristics toward Ag ions even after four repeated adsorption/elution cycles. Consequently, BTU-SS can be potentially used to recover Ag from various silver-containing industrial effluents. 
Potential Biosorption Mechanism
As shown in Figure 2 , under acidic conditions (i.e., pH values lower than the isoelectric point) the nitrogen atoms of BTU-SS are easily converted into positively charged centers (quaternary ammonium groups). This protonation hindered the adsorption of cationic Ag(I) species, negatively affecting the biosorption of Ag(I). At pH values above the isoelectric point, the S atoms of the biosorbents can be converted into negatively charged centers (Scheme 2), thereby favoring the attraction of positively charged Ag ions by electrostatic interaction.
Most of the functional groups containing N and S atoms could act as mono-, bis-, and poly-dentate ligands to form complexes with Ag(I). Since Ag(I) is a soft Lewis acid according to the Pearson's HSAB principle, the coordination between Ag(I) and these groups containing soft donor atoms is thus reasonable. Hence, as shown in Scheme 2, a potential mechanism for the biosorption of Ag(I) biosorption on BTU-SS can be proposed involving the combination of electrostatic and coordination interactions through functional groups containing N and S atoms.
The proposed adsorption mechanism was supported by the FTIR spectra (Figure 13 ) of fresh and Ag(I)-loaded BTU-SS samples.
As can be seen in Figure 13 , significant changes were observed for the Ag(I)-loaded BTU-SS sample in the FTIR bands corresponding to C=S stretching and N-H bending vibrations. The thiocarbonyl group was deducted to be involved in the coordination of Ag(I), as revealed by the wavenumber shift (ascribed to the binding with Ag ions) of the C=S stretching vibration. The moderate band centered at 1078 cm -1 (arising from the combination bands of C=S and C-OH stretching vibrations) shifted to lower wavenumbers (1069 cm −1 ) after the adsorption process, and this was ascribed to the coordination of the thiocarbonyl group with the adsorbed Ag(I) [45] . Similarly, the inplane N-H bending band ascribed to amide II (from 1551 to 1541 cm -1 ) and the C=S band corresponding to thioamide (from 1462 to 1410 cm -1 ) shifted to lower wavenumbers after Ag(I) adsorption, thereby suggesting the coordination of N-H and C=S groups with Ag(I).
The XPS analyses of fresh and Ag(I)-loaded BTU-SS samples also supported the proposed adsorption mechanism. The XPS data for the C1s, N1s, S2p, and Ag3d transitions of the BTU-SS and Ag(I)-loaded BTU-SS samples are shown in Figure  14 . As shown in Figure 14a , the broad C1s peak of BTU-SS was deconvoluted into alkyl (284.8 eV), carbonyl (286.28 eV), and carboxyl (287.28 eV) species [46] typically observed in proteins. The slight increase of the C1s binding energies corresponding to carbonyl and carboxyl species after Ag(I) adsorption on BTU-SS was indicative of potential interactions between Ag(I) and these functional groups. The adsorption of metallic ions influences the local chemical environment while modifying the entire hydrophobic and hydrophilic nature of the protein [12] . This modification affects the protein folding behavior and, in turn, the accessibility of the active sites for biosorption.
BTU-SS further confirmed that Ag(I) was efficiently separated and enriched from acidic leachates in the presence of coexisting base metals. A potential mechanism explaining the selective adsorption of Ag(I) on BTU-SS was proposed involving electrostatic interactions and coordination/chelation by the thiocarbonyl and amino groups. In summary, BTU-SS displayed good adsorption capacity and excellent selectivity towards Ag, and it could be potentially used as an efficient, low-cost, and eco-friendly material for the selective recovery of Ag from various silver-containing industrial effluents. Moreover, it is reported [1, 48] that the surface area and porosity of SS could be optimized by freeze-drying treatments and via formation of composites with polymers. These approaches would improve the accessibility and adsorption capacity of SS for metal adsorption. Future studies will be focused on this research line.
